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In contrast, asymmetric polymerase chain reaction (aPCR) offers the direct synthesis of ssDNA from an underlying dsDNA template and has been applied to generate ssDNA ranging from several hundred to several thousand nucleotides in length (12) (13) (14) (15) . aPCR differs from traditional PCR by having one primer (the forward primer) in molar excess over the second primer (the reverse primer). This approach has previously been applied to short ssDNA synthesis for aptamers and gene detection (12, 15) , and more recently to kb-scale ssDNA for scaffolded DNA origami (11) . However, previous work was limited to 3.3 kb due to low enzyme processivity. Here, we overcome this limitation by using a highly-processive LongAmp Taq polymerase to achieve 15+ kb length ssDNA. Additionally, using a standardized protocol and rules-based primer design, we achieve pure product yields up to 690 ng per 50 µl reaction volume and demonstrate direct incorporation of chemically modified nucleotides for ssDNA applications in therapeutics and imaging that require base or backbone modifications.
High-fidelity polymerases such as Phusion® allow for long dsDNA synthesis in standard PCR, however, Phusion polymerase was unable to synthesize fragment large than 1kb ssDNA ( Fig. 1A and S1), likely due to enhanced exonuclease activity (Fig. S2) . Thus, we evaluated 10 polymerases, representative of different families of enzymes, for their activity in generating ssDNA ( Fig. 1A and S1, Supplementary Table 1 ). Based on agarose gel band intensities, Taq polymerases gave the highest ssDNA production, possibly due to lower exonuclease activity, with QuantaBio AccuStart HiFi yielded the largest amount of ssDNA with the fewest contaminating dsDNA off-target strands for both 1,000 nt (Fig. 1A , Line 2 boxed) and 3,281 nt fragments (Fig.  S1) . To ensure single-strandedness of the product, the reaction was incubated with S1 and ExoI nucleases, both specific to ssDNA, showing only digestion of the low molecular weight band (Fig.  1B) , while using dsDNA-specific restriction endonucleases (EcoRI + NaeI) showed digestion of the dsDNA high molecular weight band (Fig. 1B) . Taq polymerase was capable of synthesizing ssDNA from natural templates such as M13 and from templates synthetic in origin such as from a digital information-encoding sequence ( Fig. S3 and Supplementary Table 2) . A general protocol was developed for the highest product yield, specific to AccuStart HiFi polymerase, showing 2 mM MgSO 4 concentration, 1:50 to 1:65 reverse:forward primer ratio, 0.6 ng/µL template concentration, and up to 40 cycles ( Fig. S4 and S5 ; External Supplementary Excel Table) , with gel extraction being used for subsequent purification ( AccuStart HiFi was capable of synthesizing ssDNA up to 6000 nt, but with reduced yield ( Fig. S8 and Supplementary Table 3 ). Initial tests with two other Taq-based polymerase sets, NEB LongAmp® Taq and Takara LA® Taq, produced notable amounts of dsDNA byproduct when tested for amplification of the 1,000 nt and the 3,281 nt fragments ( Fig. S9 and Supplementary  Table 4 ). However, these byproducts were avoided by increasing the annealing temperature (Fig.  S9) . Given the capacity for these polymerases to synthesize long dsDNA fragments, these enzymes were tested for use in 10+ kb-length ssDNA synthesis. Lambda phage genomic DNA (NEB) was used as a template for long-strand synthesis, with the protocol being only slightly modified, including using less template (0.01 to 0.1 ng/µL) and increasing the extension time commensurate with the product length. With these modifications, the LongAmp and the LA Taq enzymes were capable of producing ssDNA products 10, 12, and 15 kb in length ( Fig. 1D and  S10) . While both of the enzymes were capable of synthesis of long fragments, the NEB LongAmp gave the highest yield according to gel band intensity (Fig. S11) .
To ensure highest yield of user-defined product lengths, primer design rules were generated to reduce off-target sequence amplification, as exponential amplification of undesirable off-target dsDNA will exceed target linear ssDNA production. These include the forward and reverse primers not priming at off-target sequences on the template or product. Additionally, similar to LATE-PCR, the melting temperature of the forward primer should be 1-3°C less than the melting temperature of the reverse primer due to the higher concentration of the former. To reduce mispriming, the forward primer should be more GC-rich in the 5' half than the 3' half, and the 3'-nucleotide should terminate in an A or T. Additionally, we found highest ssDNA yield when the forward primer melting temperature is between 54 and 57°C. We codified the aPCR-specific rules into an algorithm for rapid retrieval of application-specific primer sets for user-selected product lengths (named "aPrime") and experimentally validated the algorithm for products ranging from 500-15,000 nt (Fig 1C and D and Supplementary Table S5) . Notably, additional template constraints such as limiting high GC-content and avoiding long regions of sequence self-similarly should be avoided.
We extended the capabilities of single-strand synthesis to incorporate modified dNTPs dispersed throughout the entire polymer for therapeutic and imaging applications, similar to what has been shown in dsDNA synthesis (16) . We tested this strategy using four different dNTPs replacing in percentage one or all four of the canonical dNTPs. As phosphorothioates are used for nucleic acid polymer stability in the presence of nucleases, we evaluated the efficiency of their incorporation into ssDNA by titrating bulk dNTP phosphorothioate concentration ratios from 0 to 100%. Yield decreased with higher percentage of modified dNTPs to a limit of ~75% before synthesis failed or stalled ( Fig. 2A) . To test base modification incorporation, we next tested dUTP incorporation into single-stranded DNA synthesis as a replacement for thymidine triphosphate (dTTP). Using pre-generated and purified template generated with 100% dTTP to limit template mutations, we synthesized a gene-length product using complete replacement of dTTP with dUTP (Fig. 2B) . For application in molecular coordination, we additionally incorporated biotinylated dNTPs into the synthesized strand (Fig. S12) . For applications in fluorescence imaging, we evaluated the synthesis of ssDNA with direct incorporation of Cy5-modified dCTP, with up to 10% modified nucleotides (Fig. 2C) . Subsequent gel purification and quantification showed up to 2.5% total incorporation on two different templates while using 5% of modified Cy5-dCTP in the dNTP mix (Fig. 2D) . The purified fluorescent ssDNA (2000 nt) was used as a scaffold to fold a DNA origami pentagonal bipyramid nanoparticle (Fig. 2E and Supplementary Table 6) , showing that the chemical modification does not disrupt folding, and can be used for further fluorescent tracking of particles in downstream in vitro and in vivo biodistribution assays. Additional modification of 10 kb length ssDNA with Cy5-dCTP was also demonstrated, showing long-strand synthesis of fluorescent polymer can be achieved (Fig S13) . Thus, this work demonstrates the capability of aPCR for production of a variety of useful chemically modified ssDNAs.
In this work, we have extended a simple method for generating ssDNA using aPCR, which allows for synthesis up to 15 kb and additionally allows for one pot chemical modification of ssDNA. The capabilities introduced here will enable future biotechnological applications, including insertion of large chemically-or fluorescently-modified gene constructs through single gene editing experiments, long ssDNA-based memory storage, and scaffold-modified structured nanoparticle synthesis, amongst others. . ssDNA production by aPCR. A. aPCR reactions were assembled with a 50-molar excess of a forward primer and 10 different polymerases were tested for highest yield of ssDNA (lower bands) as judged by gel electrophoresis (right). QuantaBio AccuStart HiFi, polymerase 2, boxed, produced the highest amount without overlapping dsDNA contaminants. 1. Accustart; 2. Accustart HiFi; 3. Accustart II; 4. AccuPrime; 5. GoTaq; 6. DreamTaq; 7. Phusion; 8. Platinum SuperFi; 9. Q5; 10. Tth polymerase. B. ExoI and S1 nucleases were used to digest the ssDNA band while EcoRI+NaeI mix digested the dsDNA band. C. An automated primer design algorithm was made to simplify primer selection and validated with product sizes between 500 and 3000 nt. D. NEB LongAmp was used to generate ssDNA up to 15,000 nt long. 
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